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ABSTRACT: LiPON-like glasses that form lithium dendrite impenetrable
interfaces between lithium battery components are enabling materials that may
replace liquid electrolytes permitting production of all-solid-state batteries (ASBs).
Unfortunately, to date, such materials are introduced only via gas-phase
deposition. Here, we demonstrate the design and synthesis of easily scaled, low-
temperature, low-cost, solution-processable inorganic polymers containing
LiPON/LiSiPON elements. OPCl3 and hexachlorophosphazene [Cl2PN]3
provide starting points for elaboration using MNH2 (M = Li/Na) or (Me3Si)NH
followed by reaction with controlled amounts of LiNH2 to produce oligomers/polymers with molecular weights (MWs) ≈1−2 kDa
characterized by multinuclear NMR, gel permeation chromatography (GPC), thermogravimetric analysis (TGA), Fourier-transform
infrared (FTIR), X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and matrix-assisted laser desorption/
ionization (MALDI)-time-of-flight (ToF) offering stabilities to 150−200 °C and ceramic yields (800 °C) of 50−60%. 7Li NMR
suggests that precursor-bound Li+ dissociates easily, beneficial for electrochemical applications. XPS shows higher N/P ratios (1−3)
than via gas-phase methods (<1) correlating N/P ratios, 7Li shifts, and Li+ conductivities. Li2SiPHN offers the highest ambient
conductivity of 3 × 10−1 mS cm−1 at 400 °C/2 h/N2.

■ INTRODUCTION

Microelectronic devices play an increasingly important role in
our lives. The main component of these devices is the power
source/energy-storage unit, the battery. Currently, rechargeable
lithium-ion batteries are widely employed for their high energy
densities and long cycle lives. Classical Li+ batteries use liquid
electrolytes that consist of inorganic salts dissolved in organic
solvents, which often restrict their size, design, and have inherent
safety risks that together restrain operating temperature
windows.1,2 In contrast, solid-state electrolytes offer consid-
erable design potential especially for miniaturization and/or
scaling, improved safety, and a wider operating temperature
window.2−5

However, most solid electrolytes suffer from low ionic
conductivities, a limited stability window, or from irreversible
reduction [e.g., LASi(Ge)TP materials]6−11 on cycling or
lithium dendrite growth along grain boundaries (e.g., LLZO
materials)11−16 leading to short circuiting. Fortunately,
amorphous lithium phosphorus oxynitride (LixPON) has been
found to offer protection against both processes.9,16−19

LiPON is one of the most commonly employed solid-state
electrolytes owing to its broad electrochemical stability window
(0−5 V vs Li+/Li),20,21 high critical current density (>10 mA
cm−2),22−25 and negligible electronic conductivity (10−7 μS
cm−1).1,26,27 However, due to its limited ionic conductivity
(10−6 S cm−1),1,20,21,26,28,29 its application is restricted to thin-

film batteries with limited energy densities and capaci-
ties.2,25,30,31

Recently, silicon-containing LiPON (or LiSiPON) has
attracted attention due to its increased ionic conductivity
induced by silicon doping. Lee et al.32,33 reported that LiSiPON
films can reach 10−5 S cm−1 at room temperature (RT) and
increasing Si/P ratios reduce the activation energy for ionic
transport. Su et al.34 reported depositing LiSiPON thin films
(∼1 μm) by radio frequency magnetron sputtering (RFMS)
with ionic conductivities at ambient ≈10−5 S cm−1 and an
activation energy of 0.41 eV at Si/P = 1.
LiPON-like thin films are typically processed by gas-phase

methods, such as RFMS,20,32−35 pulse laser deposition,36 ion
beam-assisted deposition,37 plasma-assisted direct vapor depo-
sition,38 plasma-enhanced metalloorganic chemical vapor
deposition,39 atomic layer deposition,40 etc. The main
limitations of gas-phase deposition are low deposition rates
(typically <100 nm min−1),35−38 the need for specialized
apparatus, fabrication of large, homogeneous composition
targets, and likely costly economics at commodity scales.
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Thus, there are considerable economic and performance
mandates driving the search for easier processing routes to the
same materials especially for the practical processing of all-solid-
state batteries (ASBs). The use of chemical precursor routes to
the same materials seems to offer considerable potential to solve
these issues.
The concept of designing ceramic materials “atom by atom”

using molecular precursors had its origins in work published by
Chantrell and Popper et al.41 and Aylett et al.42 in the mid 1960s
but became main stream with a review by Wynne and Rice from
the Office of Naval Research43 and coincidental efforts by Ulrich
et al. from the Air ForceOffice of Scientific Research through the
“better ceramics through chemistry” symposia in the 1980s.44,45

This field has progressed considerably since that time and
there is now sufficient literature to allow development of design
principles for generating precursors with multiple desirable
properties including control of final elemental compositions,
high ceramic yields (CYs) from initial components while
engendering processability andminimizing unwanted off gassing
of supporting moieties used to enhance processability.46−49

Based on these design principles, we have explored the
development of LiPON and LiSiPON-like and LixSiPHN
precursors and demonstrated their efficacy as ion-conducting
polymers in Li−S half-cells.50 These materials seem to offer
properties superior to gas-phase-deposited LiPON materials.
Our designed approach uses easily available starting materials,

either OPCl3 or [Cl2PN]3. The logic behind the synthetic
designs and approaches is detailed in the following sections. The
resulting precursors are typically oligomers or low-molecular-
weight (MW) polymers derived from lithiation of OP-
(NH2)3−x(NH)x [from OP(NH)3], OP(NH2)3−x(NHSiMe3)x,
and [PN]3(NHSiMe3)6−x(NH)x. Selected amounts of LiNH2

provide varying degrees of lithiation and Li+-conducting
properties commensurate with Li+ content. When employed
as Li+ electrolytes impregnated in/onCelgard, Li+ conductivities
up to ∼1 × 10−5 S cm−1 at room temperature are obtained.50

The current report presents in-depth characterization of the
above-mentioned precursors providing detailed analyses of
various structural components and Li+ environments. A diverse
set of analytical methods were used including gel permeation
chromatography (GPC), thermogravimetric analysis (TGA),
matrix-assisted laser desorption/ionization (MALDI), multi-
nuclear magnetic resonance spectroscopy (NMR), and X-ray
photoelectron spectroscopy (XPS).

Furthermore, Fourier-transform infrared (FTIR) spectrosco-
py, X-ray powder diffraction (XRD), and electrochemical
impedance (EIS) characterization were conducted on all
precursors following heating to 100−600 °C, as phase and
compositional changes are anticipated to influence materials’
processing methods and conductivities and shed light on
potential applications for such materials as polymer and/or
ceramic electrolytes.

■ RESULTS AND DISCUSSION
The syntheses of LiPON-like oligomer/polymer precursors start
with phosphoramide, OP(NH2)3. The simplest synthetic
approach to OP(NH2)3 is via ammonolysis, reaction 1.
However, it is difficult to remove byproduct NH4Cl, which
can interfere with purification depending on the solvent.46−49

The alternative is to use NaNH2 per reaction 2. The higher
solubility of LiCl vs NaCl in polar solvents can prevent simple
precipitation, therefore NaNH2 is preferable to LiNH2.

The design of LiPON-like oligomer/polymer precursor
syntheses is presented in Scheme 1. For both LixPON and
LixSiPONprecursors, the syntheses start by reacting OPCl3 with
NaNH2 or (Me3Si)2NH, respectively (reaction sequences 3 and
4). On gently heating (40 °C/1 week) or reacting at room
temperature (RT) for 1−2 weeks, the product forms an
oligomeric/polymeric PON (SiPON) precursor. The byproduct
NaCl in the LixPON system precipitates and is removed simply
by filtration. The byproduct Me3SiCl (bp = 57 °C) is removed
by vacuum evaporation at 40 °C.
For LixSiPHN precursors, the first step is amination via silyl

exchange between the phosphazene cyclomer [Cl2PN]3 and
(Me3Si)2NH obtaining SiPHN (synthesis sequence 5) co-
incident with the volatile byproduct Me3SiCl.
Thereafter, all precursors can be lithiated using controlled

amounts of LiNH2. The Li content in the LiPON-like precursors
is readily controlled by the amount of LiNH2 added, as
confirmed by XPS studies below. In this work, the “x” in

Scheme 1. Syntheses of LixPON, LixSiPON, and LixSiPHN Precursors (x = Li/P)
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LixPON, LixSiPHN, and LixSiPON stands for the Li content
based on the theoretical Li/P ratios used in the corresponding
precursor syntheses.
One precursor design principle targets high ceramic yields

(CYs) to minimize excessive volume changes associated with
pyrolytic conversion of precursors (ave. precursor density ≈1)
to ceramic materials (ave. density >2.5).46−49,51 Higher CYs
minimize pore formation from gaseous degradation products.
CYs typically improve with increases in molecular weight

(MW).51 For LixPON and LixSiPON systems, one approach to
promote polymerization is to reduce the ratio of NaNH2 or
(Me3Si)2NH to OPCl3 prior to lithiation, as suggested by
reactions 3 and 4. However, for the LixPON system, reducing
the ratio of NaNH2/OPCl3 produces HCl (reaction 3), resulting
in an acidic environment, which can be detrimental for lithiation
and electrochemical performances.52,53

In contrast, for the LixSiPON system, where no HCl is
produced, a reduced (Me3Si)2NH/OPCl3 ratio of 1.8 is used,
Scheme 2 (synthesis sequence 8). In this section, we
characterize the reaction 3 derived Li3PON and Li6PON
precursors. Similar results are presented for the Li2SiPHN
precursor from reaction 5 and Li3SiPON and Li6SiPON
precursors from reaction 8.
Thus, Figure S1 shows representative GPCs of the lithium-

free PON, SiPHN, and SiPON starting materials. The SiPHN
and SiPON precursors show similar MWs of 0.2−2 kDa, while

PON shows MWs of ≤0.5 kDa. Both SiPHN and SiPON
precursors are soluble in tetrahydrofuran (THF) forming clear
solutions, while the PON precursor forms as a suspension. Since
the GPC only analyzes soluble compounds, the actual MWs of
the PONprecursor are higher as demonstrated byMALDI-time-
of-flight (ToF).
MALDI of the lithiated precursors and their possible

monomer structures is given in Figures S2−S7. A computer
program was developed to check all of the possible
combinations, as given in the Supporting Information (SI).
Negative-ion mode was used due to its higher resolution of
LiPON-like precursors compared to the positive-ion mode. The
ion source in negative-ion mode comes from the precursor itself,
which loses one Li+. Tables S1−S3 list example calculations
leading to the proposed structures representative of the
precursors (LixPON, LixSiPHN, and LixSiPON). Table 1
summarizes MWs and estimated compositions of the polymer
precursors based on GPC and MALDI studies. Note that the
Li2SiPHN precursor consists of monomers with higher
individual MWs (300−600 g mol−1) than those of LixPON
(80−150 gmol−1) and LixSiPON (80−220 g mol−1) precursors,
thus Li2SiPHN oligomers have lower average numbers of
monomer units than the other precursors despite MALDI
spectra in similar mass ranges.
Figure S8 shows FTIR spectra of unlithiated PON, SiPHN,

and SiPON precursors. Table S4 summarizes literature-reported

Scheme 2. Synthesis of LixSiPON Precursors with (Me3Si)2NH/OPCl3 = 1.8:1

Table 1. MWs and Estimated Compositions of Polymer Precursors

aMW = molecular weight. bNumber of monomer units calculated based on MALDI (Figures S2−S7 and Tables S1−S3). cIn the monomer
structures, X = H or Li.
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FTIRs of LiPON glasses. Typically, the unlithiated precursors
exhibit νN−H (∼3000 cm−1) and N−H overtone (∼1500
cm−1), νPO (1150−1300 cm−1), νP−O− (1000−1150
cm−1), and νP−NP (800−900 cm−1) absorption
bands.39,54−57 For the SiPHN precursor, since no oxygen is
present, peaks at ∼1200 and 970−850 cm−1 can be assigned to
νP−N and νP−NP, respectively.39,55,57

The lithiated precursors were heated to 100−600 °C (10 °C
min−1) under vacuum or N2; Figure 1 shows the FTIR spectra of
precursors at different temperatures (RT to 600 °C). In general,
precursors below 200 °C show spectra similar to the unlithiated
precursors, νN−H (∼3000,∼1500 cm−1), νPO (1150−1300
cm−1), νP−O− (1000−1150 cm−1), νP−NP (800−900
cm−1), and νP−O−P (1150, 780−680 cm−1).39,54−57 Addition-

Figure 1. FTIR spectra of Li3PON (a), Li6PON (b), Li2SiPHN (c), Li3SiPON (d), and Li6SiPON (e) precursors at different temperatures.

Figure 2. TGA−DTA (800 °C/10 °C min−1/N2) of Li3PON, Li6PON, Li2SiPHN, Li3SiPON, and Li6SiPON precursors.
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ally, Li2SiPHN (Figure 1c) and LixSiPON (Figure 1d,e)
precursors exhibit νC−H at ∼2950 cm−1, which disappears at
∼300 °C. Often, we observe νO−H at ∼3400 cm−1, possibly
from excess LiNH2 that reacts with tracemoisture during sample
preparation, forming LiOH.
In addition to the aforementioned adsorptions, a small peak at

∼2200 cm−1 is observed in some precursors, especially for the
Li3PON precursor. Pichonat et al.57 and Stallworth et al.58

suggest that peaks at 2200−2100 cm−1 may come from P−N<P
P

or P−NP bonds. In general, the intensity of this peak
decreases as temperature increases and disappears at 300 °C,
suggesting rearrangement or reaction of these bonds. The
intensities of νO−H/N−H bonds reduce as temperatures
increase; the dominant peak at ∼1040 cm−1 and at 600 °C can
be assigned to νP−O−.59,60

Figure 2 compares representative TGA−DTA (800 °C/10 °C
min−1/N2) of the vacuum-dried (100 °C/1 h) precursors
(LixPON, LixSiPHN, and LixSiPON). All precursors typically
have 5% mass loss temperatures (T5%) ≥150 °C and similar
ceramic yields (CYs) of 50−60 wt % at 800 °C. An endotherm at
∼600 °C is exhibited for all of the precursors, which suggests
melting. This provides the potential of melt bonding for solid-
state battery assembly.
Figure 3 compares 7Li NMR (CDCl3) of vacuum-dried (RT)

polymer precursors; the bandwidth of LixSiPON precursors is

qualitatively greater than that found for the LixPON and
Li2SiPHN precursors, suggesting that these precursors may have
several Li+ chemical environments.
Based on the above-proposed precursor structures, one can

suggest possible Li+ environments per Figure 4. If we consider
Li+ bonded to a N of (H)N−P as type A, typical for LixPON

(marked as red in Figure 4), and Li+ bonded to a N between
SiMe3 and P as type B, typical for LixSiPHN (marked as green in
Figure 4), then LixSiPON precursors will have both types in
agreement with the 7Li NMRs for both LixPON and Li2SiPHN
precursors, which show single sharp peaks at different chemical
shifts. In contrast, the LixSiPON precursors show broader peaks
with chemical shifts similar to Li2SiPHN due to the presence of
SiMe3 groups.
Of import, precursors with higher Li+ contents also seem to

show higher chemical shifts (Li6PON > Li3PON and Li6SiPON
> Li3SiPON) in agreement with See et al.,61 using a mixture of
dioxolane and dimethoxyethane (DOL/DME, 1:1). This group
found that 7Li resonances shift to higher frequencies with
increases in Li+ concentration. These results may derive from
increased numbers of solvated Li+ ions, causing a deshielding
effect but may also be due to changes in the Li+ coordination
number.
Table S5 lists 7Li NMR studies of various compounds in

solution from the literature. Typically, a standard reference (0.1
or 1 M LiCl in D2O or THF-d8) is used. In general, Li+ in a
complex structure with considerable electron shielding shows
upfield chemical shifts. In contrast, Li+ cations in the LiClO4
solution are highly dissociated and show a large downfield
chemical shift (2.12 ppm). The positive chemical shifts found
for the LixPON, LiSiPHN, and LixSiPON precursors suggest
that the Li+ ions are well solvated and dissociated, which is in
accord with our findings that they offer superior properties in a
set polymer electrolyte batteries with Li−S cathodes and as
ceramic precursors on ceramic electrolytes.50,62

Additionally, N/P ratios may also influence chemical shifts
(Table 2). As suggested by Muñoz et al.,63 higher nitrogen

contents (N/P ratios) lead to increases in the chemical shifts of
the 7Li NMR resonances, related to decreases in average Li+

coordination numbers.63,64

Figure 5a shows 13C NMRs of Li2SiPHN and LixSiPON
precursors (C-containing precursors). All precursors exhibit a
peak at ∼2.5 ppm similar to (Me3Si)2NH (δC = 2.64 ppm),
corresponding to carbons in the NH−SiMe3 groups. However,
this peak is slightly shifted upfield (Δδ = 0.10−0.15 ppm). NMR
chemical shifts are affected by electron density, when

Figure 3. 7Li NMR of Li3PON, Li6PON, Li2SiPHN, Li3SiPON, and
Li6SiPON precursors (RT/vacuum-dried, dissolved in CDCl3).

Figure 4. Exemplary structures of LixPON, LixSiPHN, and LixSiPON precursors with Li+ highlighted.

Table 2. 7Li NMR and Atomic Ratios Based on XPS Analyses
for Polymer Precursors (RT/Vacuum-Dried)

Li3PON Li6PON Li2SiPHN Li3SiPON Li6SiPON
7Li NMR (ppm) 0.15 0.20 0.57 0.25 0.39

O/P 4.6 4.8 1.3 1.7 3.0
N/P 1.1 1.4 3.0 1.9 2.0
Li/N 1.0 2.0 0.3 0.95 1.4
Li/P 1.1 2.7 0.9 1.8 2.8

The bold values indicate correlations between N/P ratios and 7Li
chemical shifts.
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(Me3Si)2NH loses one SiMe3 and bonds with POor P−NP
(see the examples in Figure 4) in the polymer backbone; the
carbon environment changes slightly (more shielded), causing a
Δδ ≈ 0.2 ppm upfield shift.
Additionally, a small peak at ∼2 ppm is exhibited in all

precursors, which may be the Me3SiO− group. As shown in
Figure S9a, (Me3Si)2O has a δc of 1.94 ppm.
Some precursors also show a small peak at ∼3.9 ppm, which

may beMe3SiCl orMe3SiNH2. As shown in Figure S9b,Me3SiCl
has a δc of 3.26 ppm,65 slightly different from our observation.
Therefore, the peak at ∼3.9 ppm is likely Me3SiNH2 (NMR
spectrum not found in the literature).
Figure 5b shows 29Si NMRs of silicon-containing polymer

precursors. All precursors show a peak at 2.3 ppm corresponding
to NH−SiMe3 groups, similar to the chemical shift of
(Me3Si)2NH at 2.42 ppm. In accordance with 13C NMR, the
upfield shift (Δδ ≈ 0.1 ppm) suggests that the silicon
environment becomes more shielded when (Me3Si)2NH loses
one −SiMe3 and bonds to the polymer backbone.
Some precursors also show a smaller peak at 7.2 ppm, which

may be Me3SiNH2 or Me3SiCl, as the silicon would be less
electronically shielded (lower electron density near H and
higher electronegativity with Cl) compared to PO−NH-
(SiMe3)2 or P−NP−NH(SiMe3)2. Table S6 shows the
electronegativity of the selected elements. However, Me3SiCl
has a δSi of 31 ppm.65,66 Therefore, the corresponding
compound at 7.2 ppm is likely Me3SiNH2, which is in agreement
with the δc at 3.9 ppm for the 13C NMR study.
Due to the lower sensitivity of 29Si NMR, fewer peaks are

observed compared to 13C NMR.
Figure 6 shows the 1H NMRs of proton-containing polymer

precursors and (Me3Si)2NH. In general, protons from methyl
groups and THF are observed. Since the precursors are dried at
room temperature, there is a trace amount of THF left. All
precursors show a large peak at 0.01 ppm, which is similar to the
−CH3 groups from (Me3Si)2NH at 0.06 ppm, but slightly
shifted to upfield, likely a result of polymerization causing a
shielding effect in agreement with 13C and 29Si NMR studies.
Additionally, small peaks at 0.15−0.2 ppm are exhibited.

Figure S10 shows 1H NMR models of Me3SiNH2, (Me3Si)2O,
andMe3SiCl by ChemDraw, themain δH are 0.08, 0.21, and 0.42
ppm, respectively. The chemical shift at 0.15−0.2 ppm may be
Me3SiO− groups that shifted upfield due to interactions with the
polymer precursors.

Overall, only −SiMe3 protons are observed, and no proton
migration is suggested by 1H NMR.
Figures 7 and S11a show XRD patterns of LixPON pellets

heated to 100−600 °C/2 h/N2. The XRD of Li3PON pellets

heated to 100 °C shows a small peak near 35° 2θ, corresponding
to the Li2O0.75N0.25 phase (PDF-01-080-4542) with space group
225: Fm3m. However, the spectrum is dominated by a broad
peak at 20° 2θ corresponding to the amorphous nature of the
material. Three peaks at 30, 33, and 35° 2θ can be indexed to
partially crystalline Li2.88PN0.14O3.73, Li2NH2, and Li2O0.75N0.25
phases, respectively, when the pellet is heated to 200−400 °C.
These peaks shift to 35 and 37° 2θ along with additional doublet
peaks near 23° 2θ when the pellet is heated to 500 and 600 °C
corresponding to Li2.88PN0.14O3.73. Similar peaks are present for
Li6PON pellets, as shown in Figure S11.
Figures 8 and S11c show XRD patterns for LixSiPON pellets

heated to 100−600 °C/2 h/N2. The XRD of Li3SiPON pellets
heated to 100−300 °C is dominated by a broad peak
corresponding to a poorly crystallized material, indicating an
amorphous nature. Two main peaks at 22 and 29° 2θ can be
indexed to partially crystalline Li4P2O7 (PDF-01-084-7598)
after heating to 400 and 500 °C. The single peak ∼29° 2θ starts
to split into double peaks when the pellet is heated above 500
°C. The XRD of Li3SiPON pellets heated to 600 °C shows sharp

Figure 5. 13CNMR (a) and 29Si NMR (b) of Li2SiPHN, Li3SiPON, and
Li6SiPON precursors (RT/vacuum-dried, dissolved in CDCl3) in
comparison with (Me3Si)2NH.

Figure 6. 1H NMR of Li2SiPHN, Li3SiPON, and Li6SiPON precursors
(RT/vacuum-dried, dissolved in CDCl3) in comparison with
(Me3Si)2NH.

Figure 7. XRD plots of Li3PON pellets heated to 100−600 °C/2 h/N2.
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peaks matching Li4P2O7 (PDF-01-083-9707), indicating a loss
of nitrogen doping.
Figure S11c shows that the XRD of Li6SiPON pellets heated

to 100 and 200 °C is mostly dominated by a broad peak. The
pellet heated to 300 °C showed doublet peaks ∼20 and 30° 2θ
indexed to partially crystalline Li3PO4. The XRD of Li6SiPON
pellets heated to 400−600 °C shows sharp peaks matching
Li3PO4 (PDF-04-007-2815), indicating a loss of nitrogen
doping.
XRD studies at 100 °C showed mainly an amorphous phase,

and hence, this technique can neither detect the targeted
elements nor quantify the components and or elemental ratios.
Hence, XPS studies were run on Li3PON, Li6PON, Li2SiPHN,
Li3SiPON, and Li6SiPON precursors dried under vacuum for 3
d/RT. Dried precursor (0.5 g) powders were pelletized using 13
mm diameter die/5 ksi/RT. The data are presented in Figure 9.

Figure 9a,b shows wide-scan XPS survey spectra of Li3PON
and Li6PON pellets, which provide elemental compositions of
Li3PON and Li6PON pellets, confirming the signature elements,
with minor peaks for C and Cl. The presence of chlorine likely
arises from residual NaCl. Carbon is ubiquitous in XPS spectra
but alsomay reflect brief exposure of the precursor to air forming
Li2CO3 during pelletization. The results obtained from XPS are
summarized in Tables S7 and 2. They confirm the presence and
incorporation of nitrogen into the pellets and reinforce the fact
that the chemical makeup of the Li3PON and Li6PON pellets is
similar to that found in previous studies of gas-phase deposited
materials.21,57,67

The deduced atomic composition shows that the Li atom %
increased from ∼7 to 12.6 when LiNH2 was doubled from
Li3PON to Li6PON. Moreover, XPS analysis also provides
information about bonding environments. The O 1s peak is
attributed to Li−O−Li, P−O−P, and PO bonds. The N/P
ratio (1.1−1.4) is higher than what is reported by gas-phase
deposition techniques (0.92), which seems to be reflected in the
higher Li+ conductivities seen in the materials prepared here.57

In Figure 9d,e, wide-scan survey XPS spectra of Li3SiPON and
Li6SiPON pellets also present representative LiSiPON ele-
mental signatures andminor peaks for C andCl. The presence of
chlorine might be from residual NaCl or ClSiMe3. The presence
of carbon can arise as noted above or from NH(SiMe3)2. The
XPS results are summarized in Tables S8 and 2.
The deduced atomic compositions show that the Li atom %

increased from ∼13 to 18 when more LiNH2 is introduced in
synthesizing Li6SiPON. In addition, the Li content is higher than
that calculated for Li3PON (7) and Li6PON (12.6) pellets. This
may be due to incorporation of silicon in the polymer precursor.
It has been reported that partial substitution of P by Si in LiPO4
results in an increase in Li+ mobility by shortening the distance
between adjacent positions for Li+ hopping.68

Furthermore, it has also been demonstrated that increases in
N in LiSiPON films increase the conductivity. The increase in

Figure 8. XRD plots of the Li3SiPON pellet heated to 100−600 °C/2
h/N2.

Figure 9. Wide-scan survey XPS spectra (600−0 eV) of Li3PON (a), Li6PON (b), Li2SiPHN (c), Li3SiPON (d), and Li6SiPON (e) pellets (RT/
vacuum-dried).
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the Si/P ratio has been hypothesized to improve the N
content.32 The experimental ratio of N/P was calculated to be 3;
the decrease in the ratio from XPS points to polymerization by a
loss of nitrogen. However, the N/P ratio (∼2) is still higher than
that for Li3PON and Li6PON in Table 2. The Li6SiPON
polymer electrolyte also shows the lowest Cl atom %.
In Figure 9c, wide-scan survey XPS of Li2SiPHN presents the

expected elemental signatures and minor peaks for C and Cl.
The latter elements are likely sourced as noted above. The
results obtained from XPS are summarized in Tables S9 and 2.
The calculated atomic composition shows a Li/P ratio of 0.9,

as listed in Table 2. However, this ratio is smaller than what is
calculated experimentally for Li2SiPHN; the discrepancies are
thought to arise from polymerization that reduces the number of
sites that can be lithiated. Another explanation might be due to
the fact that XPS can only be used to predict the composition of
thin films and not bulk pellets.
Scanning electron microscopy (SEM) and energy-dispersive

X-ray (EDX) studies were conducted to characterize the
microstructures and the composition of the polymer precursors.
Figures S12 and S13 show SEM fracture surface images of
Li3PON, Li6PON, Li2SiPHN, Li3SiPON, and Li6SiPON
precursor pellets heated to 100−400 °C/2 h/N2. The pellets
heated to 100 °C, in general, show a very smooth, uniform, and
dense microstructure. This might be ascribed to the fact that
these precursors show a very small mass loss before 200 °C, as
demonstrated by the TGA−DTA in Figure 2. The pellets heated
between 200 and 300 °C present a three-dimensional (3D)
network of structures forming microglobules. On heating to 400
°C, the pellets present a porous microstructure ascribed to the
loss of volatiles and organic compounds indicating the
ceramization of the precursors, as supported by the XRD in
Figures 7 and 8.
Figures S14 and S15 show EDX map images of polymer

precursor pellets heated to 100 °C/2 h/N2. The EDX map
shows well-distributed signature elements (N, O, P, and Si) and
indicates the presence of impurities such as Cl from the starting

material and C from Li2CO3 in good agreement with the XPS
data shown in Figure 9. The qualitative EDX results are
summarized in Tables S10 and S11. The N/P ratio seems to
increase with the heating temperature of the polymer precursor
pellets, which might be ascribed to the loss of CO2 during
heating. The Li6PON pellets showed a lower N/P ratio
compared to Li3PON, resulting in a lower ionic conductivity
in the Li6PON pellets.

Li+ Conductivity Measurements. Conductivity measure-
ments were run on compacted pellets rather than thin films, as
reported in complementary manuscripts.50,62 Li3PON, Li6PON,
Li2SiPHN, Li3SiPON, and Li6SiPON precursors were heated to
100 °C/vacuum/24 h. The dried polymer precursor (3 g)
powder was compacted as above. The resulting pellets were
heated between alumina plates to 100−400 °C/2 h at 1 °C
min−1 under 120 mL min−1 N2 flow. Concentric Au/Pd
electrodes (3 mm in diameter) were deposited using an SPI
sputter coater on both the surfaces of the pellets using a
depositionmask. An equivalent circuit consisting of (RtotalQtotal)-
(Qelectrode) was used. R and Q denote resistance and constant
phase elements, respectively. The total conductivity (σt) was
calculated using the equation (σt = t/(A × R)), where t is the
thickness of the polymer precursor pellet, A is the active area of
the polymer precursor, and R is the total resistivity obtained
from the Nyquist plots.
Figure 10 shows Nyquist plots of Li3PON, Li6PON,

Li2SiPHN, Li3SiPON, and Li6SiPON pellets heated to 200−
400 °C/2 h/N2. All of the measurements were conducted at
room temperature.
Table 3 summarizes the total conductivity of the polymer

precursor pellets heated to 200−400 °C/2 h/N2. The highest
conductivities are obtained on heating to 400 °C. The
conductivity seems to improve with increasing temperature,
improving pathways for Li+ diffusion due to phase change, as
demonstrated by XRD plots in Figures 7 and 8. Li2SiPHN shows
the highest conductivity of 3 × 10−1 mS cm−1 at 400 °C. This
polymer precursor also showed the densest microstructure when

Figure 10. Nyquist plots of polymer precursor pellets heated to 200, 300, and 400 °C/2 h/N2.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c00254
Macromolecules 2020, 53, 2702−2712

2709

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00254/suppl_file/ma0c00254_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00254/suppl_file/ma0c00254_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00254/suppl_file/ma0c00254_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00254/suppl_file/ma0c00254_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00254?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00254?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00254?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00254?fig=fig10&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00254?ref=pdf


compared to the LixSiPON polymer precursors. The Li3SiPON
showed the lowest conductivity when heated to 400 °C ascribed
to the increased porosity in the microstructure, as shown in
Figure S13. The LixPON polymer precursors showed poor ionic
conductivity compared to the Si-based polymer precursors.
These phenomena can be explained by the low N/P ratios
(<1.5) as well as the poor microstructure, as shown in Figures 9
and S12, respectively.

■ CONCLUSIONS
In summary, we present here a detailed characterization of
LiPON-like oligomer/polymer precursors, including MALDI,
FTIR, TGA−DTA, NMR, XRD, XPS, and impedance studies.
For all of the precursors, the MWs are estimated to be ≈1−2
kDa, and the CYs at 800 °C are 50−60%. They are thermally
stable to 150−200 °C. FTIR spectra fit well with typical LiPON
glasses synthesized by gas-phase methods.39,54−58 7Li NMR
suggests that Li+ ions in these precursors are well solvated and
dissociated, which is beneficial for their electrochemical
performances. The structures of Si (C)-containing precursors
were further investigated by 13C and 29Si NMR studies, which
suggests that Si doping was achieved by bonding NH−SiMe3
with PO or P−NP onto the polymer backbone.
Crystalline phases of these polymer precursors at different

temperatures (100−600 °C) were characterized by XRD.
However, they are primarily amorphous at 100 °C, and hence,
XPS and EDX studies were performed to quantify the elemental
composition of the precursors. Overall, all of the precursors
show higher N/P ratios (1−3) compared to traditional gas-
phase methods (<1), and there seems to be a correlation
between the N/P ratio and 7Li NMR chemical shift. All of the
polymer precursors show the highest room temperature
conductivity after treating at 400 °C/2 h. In general, the
conductivities of polymer precursor pellets seem to be
Li2SiPHN ≫ Li6SiPON ≫ Li3PON ≫ Li6PON ≫ Li3SiPON.

■ EXPERIMENTAL SECTION
Materials. Phosphorus oxychloride (OPCl3) and hexamethyldisi-

lazane [NH(SiMe3)2] were obtained from Alfa Aesar. Sodium amide
(NaNH2) and lithium amide (LiNH2) were obtained from Acros
Organics. Hexachlorophosphazene (Cl6N3P3) was purchased from abcr
GmbH. All chemicals were used as received. All reactions were
conducted under a N2 atmosphere.

Polymer Precursor Syntheses. The polymer precursors are
synthesized in two steps. The first step is to substitute the −Cl in the
phosphorus source (OPCl3 or Cl6N3P3) with −NH2 (from NaNH2) or
−NHSiMe3 [from NH(SiMe3)2], producing byproduct NaCl or
Me3SiCl (Table S12). It is followed by lithiation from the lithium
source LiNH2.

Typical Synthesis Procedures. In a dried 200 mL round-bottom
Schlenk flask, NaNH2 (7.0 g, 0.179 mol) or (Me3Si)2NH (20.1 mL,
96.6 mmol) was first added to 80 mL of distilled THF, then OPCl3 (5.0
mL, 53.6 mmol) or Cl6N3P3 (5.2 g, 14.9 mmol) was added. All were
done in an ice bath under a N2 atmosphere. The ice bath was removed
after 1 day of reaction, and the reaction was kept running at room
temperature (RT) under the N2 atmosphere for 1 week. Centrifugation
was followed to separate the soluble and insoluble parts in the reaction
mixture. The supernatant was collected into another dried 200 mL
round-bottom Schlenk flask.

Thereafter, LiNH2 (see Table S13) was added to the supernatant
under the N2 atmosphere in an ice bath. The reaction mixture stayed
cloudy due to the low solubility of LiNH2. After 1 day of reaction, the
ice bath was removed and changed to an oil bath for heating. The
reaction was kept running at 40 °C under the N2 atmosphere for a week.
Centrifugation was followed to separate the soluble and insoluble parts
in the reaction mixture. The supernatant was collected into another
dried 200 mL round-bottom Schlenk flask.

To obtain the yield, a small sample (3 mL) was taken from the
centrifuged supernatant and vacuum-dried at 60 °C on a Schlenk line
and the mass of the product was measured. The total volume of the
supernatant was measured by a graduated pipette.

Table S13 lists the LiNH2 used in the lithiation and the properties of
the final products.
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Table 3. Total Conductivities (σRT) of Polymer Precursor
Pellets Heated to 200−400 °C/2 h/N2

polymer pellets temp. (°C) σRT (S cm−1)

Li3PON 200/2 h 1.1 × 10−5

300/2 h 1.8 × 10−5

400/2 h 4.5 × 10−5

Li6PON 200/2 h 1.9 × 10−6

300/2 h 5.3 × 10−6

400/2 h 1.2 × 10−5

Li2SiPHN 200/2 h 5.7 × 10−5

300/2 h 1.5 × 10−4

400/2 h 2.7 × 10−4

Li3SiPON 200/2 h 2.0 × 10−6

300/2 h 1.6 × 10−6

400/2 h 4.0 × 10−6

Li6SiPON 200/2 h 1.9 × 10−5

300/2 h 2.0 × 10−5

400/2 h 3.3 × 10−5
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